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ABSTRACT
The Kepler Space telescope has uncovered around thirteen circumbinary planets (CBPs) that orbit a pair of stars and experience
two sources of stellar flux. We characterize the top-of-atmosphere flux and surface temperature evolution in relation to the orbital
short-term dynamics between the central binary star and an Earth-like CBP analog. We compare the differential evolution of
an Earth-like CBP’s flux and surface temperature with that of an equivalent single-star (ESS) system to uncover the degree by
which the potential habitability of the planet could vary. For a Sun-like primary, we find that the flux variation over a single
planetary orbit is greatest when the dynamical mass ratio is ∼0.3 for a G-K spectral binary. Using a latitudinal energy balance
model, we show that the ice-albedo feedback plays a substantial role in Earth-like CBP habitability due to the interplay between
flux redistribution (via obliquity) and changes in the total flux (via binary gyration). We examine the differential evolution of
flux and surface temperature for Earth-like analogs of the habitable zone CBPs (4 Kepler and 1 hypothetical system) and find
that these analogs are typically warmer than their ESS counterparts.
Key words: keyword1 – keyword2 – keyword3
1 INTRODUCTION
Observational surveys have uncovered that nearly half of all star systems consist of at least two stars (binary systems) (Raghavan et al. 2010;
Moe & Di Stefano 2017). A planet in a binary star system could either orbit only one star (circumstellar), or around both stars (circumbinary)
(Dvorak 1982). Due to the non-constant and non-uniform gravitational potential from the stellar companions, a circumstellar or circumbinary
planet (CBP) can experience excitations in the planet’s semimajor axis and eccentricity, which can potentially cause a collision with either star
or an ejection from the system (Dvorak 1986; Rabl & Dvorak 1988; Holman & Wiegert 1999; Quarles et al. 2018, 2020b). Planets that orbit
single stars can do so very closely (only a few stellar radii), where a CBP must maintain an orbital distance beyond the critical semimajor axis
acrit (Quarles et al. 2018) to maintain its orbit over longer timescales. To date, 13 CBPs have been observed: Kepler-16b (Doyle et al. 2011),
Kepler-34b and Kepler-35b (Welsh et al. 2012), Kepler-38b (Orosz et al. 2012b), Kepler-47b, Kepler-47c (Orosz et al. 2012a), Kepler-47d
(Orosz et al. 2019), Kepler-64b (Schwamb et al. 2013), Kepler-413b (Kostov et al. 2014), Kepler-453b (Welsh et al. 2015), Kepler-1647b
(Kostov et al. 2016), Kepler-1661b (Socia et al. 2020), and TOI-1338b (Kostov et al. 2020).
Planetary habitability is parochially defined relative to our own solar system and extended more generally to a range of stellar spectral types
in single-star systems. One guide for habitability is the habitable zone (HZ) that defines the region in which liquid water could exist on the
surface of a rocky planet. Kasting et al. (1993) developed an empirical definition for the HZ from observations of Mars and Venus. Venus’
surface has been dry for at least 1 billion years (Kasting & Pollack 1983; Solomon & Head 1991; Kasting et al. 1993; Way et al. 2016) and
thus a "recent Venus" is used as an empirical inner limit for the HZ. On the other hand, Mars had liquid water 3.8 billion years ago (Kasting
1991; Kasting et al. 1993; Hurowitz et al. 2017), where "early Mars" denotes an empirical outer limit to the HZ. Kasting et al. (1993) also
prescribed a more conservative HZ around a Sun-like star for a planet with an Earth-like CO2/H2O/N2 atmosphere and locates the distance at
which a runaway greenhouse effect would occur, boiling all liquid water, and the distance at which the maximum possible greenhouse effect
would be necessary to keep liquid water from freezing. Kopparapu et al. (2013a) extended their work using updated absorption and scattering
coefficients. For our solar system, they found that the empirical HZ begins at 0.75 AU and extends to 1.77 AU, where the conservative HZ has
a smaller range of 0.97–1.67 AU.
Circumbinary habitability has gained interest after the discovery ofmany planets through observations from theKeplermission. Amechanism
has been suggested, where the tidal interaction between binary stars would decrease the rotation of each star, which decreases the total XUV
flux and greatly increases a CBP’s potential habitability (Mason et al. 2013; Mason et al. 2015). Quarles et al. (2012) found that an Earth-like
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Table 1. Coefficients for calculating the spectral weight factor in equation 2 taken from Kopparapu et al. (2013b).
Runaway Greenhouse Maximum Greenhouse Recent Venus Early Mars
lx−Sun (AU) 0.97 1.67 0.75 1.77
a 1.2456 x 10−4 5.9578 x 10−5 1.4335 x 10−4 5.4471 x 10−5
b 1.4612 x 10−8 1.6707 x 10−9 3.3954 x 10−9 1.5275 x 10−9
c -7.6345 x 10−12 -3.0058 x 10−12 -7.6364 x 10−12 -2.1709 x 10−12
d -1.1950 x 10−15 -5.1925 x 10−16 -1.1950 x 10−15 -3.8282 x 10−16
planet could stably orbit in the extended HZ of Kepler-16, where a CO2 dominated atmosphere with increased backwarming would prevent
liquid water from freezing. In the case of Kepler-16, one star largely dominates the total brightness of the binary, where Quarles et al. (2012)
modeled Kepler-16 as a single-star. Kane & Hinkel (2013) analyzed the habitability of CBPs considering the luminosity and motion of both
stars in the binary. They showed that the HZ region shifts over time in response to the periodic motion of the binary stars (i.e., binary gyration).
Haghighipour & Kaltenegger (2013) modeled circumbinary systems considering the weighted flux contribution from each star as a function of
the stellar spectral type. Following the methods in Kopparapu et al. (2013a), Haghighipour & Kaltenegger (2013) accounted for the blackbody
peak of each stellar host to compute the fraction of the total output luminosity that will be absorbed by an assumed CO2/H2O/N2 atmosphere
of the planet, known as the spectral weight factor. The values for the spectral weight factor (W) are uniquely defined for the inner and outer
limits of the HZ:
Wxi (Tx, lx) = [1 + αx(Ti)l2x−Sun]−1 (1)
and
αx(Ti) = axTi + bxT2i + cxT3i + dxT4i (2)
where x=(in,out) denotes inner and outer HZ limit, i=(Pr,Sec) denotes primary and secondary star,
lx−Sun=(lin−Sun, lout−Sun) denotes the distance from the inner/outer HZ to the Sun, and Ti(K) = Tstar (K) − 5780 represents the difference in
effective temperature for each star in Kelvin relative to the Sun. The constants ax, bx, cx, and dx modulate the weighting factor and are given
by Table 1.
Earth’s seasons are due to the daily variation of incident flux on its surface due to the axial tilt, or obliquity. More generally, global flux
variations can also arise from a non-zero orbital eccentricity, changes in the distance of a planet from its host star, or periodic modification of the
intrinsic luminosity of the host star in addition to the obliquity (i.e., Milankovitch cycles; Milankovitch (1941)). In the case of high-eccentricity
planetary orbits, the flux received by the planet can vary significantly and the planet periodically leaves and re-enters the HZ (Williams &
Pollard 2002; Eggl et al. 2014; Forgan et al. 2015). In contrast, changes in the surface temperature on a CBP over an orbit depend on flux
variations that are influenced by the binary orbit, CBP orbit, and the intrinsic luminosity of each star. The HZ shifts as the location of each star
changes in time, and the CBP has a higher probability to venture out of the HZ during its orbit. Eggl et al. (2014) found that even if a CBP’s
average distance from its host binary is inside the HZ, it could still spend too much time outside the HZ to be habitable as we know it. They
argue that to characterize a CBP’s habitability, one must account for the dynamics of the system and not only the average received flux.
Forgan (2013) showed a range of CBP orbits that are habitable, too hot, and too cold in terms of orbital parameters for a few circumbinary
systems. May & Rauscher (2016) used both a one-dimensional energy balance model and a three-dimensional general circulation model to
evaluate CBP surface temperatures and concluded that circumbinary systems would have very similar surfaces temperatures compared with the
equivalent single-star systems. Recently, Haqq-Misra et al. (2019) studied the flux and temperature patterns on a CBP, where they approximate
the inner binary using an analytic periodic function. By varying the CBP surface topography, they showed that the CBP surface temperatures
can be excited significantly due to the difference in heat capacity between land and oceans.
In this paper, we further investigate the changes in received flux due to the binary and the resultant surface temperatures on Earth-like CBPs.
We find that the flux variations can be largely categorized into two classes depending on orbital and spectral properties of the host binary and
CBP. Section 2 provides a theoretical overview and description of our numerical methods used in our work. The results of our theoretical and
numerical models are outlined in Section 3, with a focus on Earth-like analogs of the known Kepler habitable zone CBPs. A summary along
with an overview of possibles avenues of future work are given in Section 4.
2 METHODS
2.1 Initial Parameters
In the interest of comparing to Earth-like habitability, we limit the scope of our investigation to include main-sequence stars with a lifetime
of at least a few billion years (i.e., binaries with F, G, K, and M spectral type host stars) in order for a potentially habitable environment and
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Table 2. Stellar luminosity, radius, and effective temperature for a given mass range (left) and stellar mass for a given luminosity range (right)
Mass Range Luminosity Radius Te f f
(M) (L) (R) (T)
M ≤ 0.43 0.23M2.3 M0.54 0.69M0.305
0.43 < M ≤ 1 M4 M0.54 M0.73
1 < M ≤ 2 1.4M3.5 M0.8 M0.6
M ≥ 2 1.40M3.5 M0.8 1.09M0.475
Luminosity Range Mass
(L) (M)
L ≤ 0.033 ( L0.23 )0.435
0.033 < L ≤ 16 L0.25
16 < L ≤ 1.72 ∗ 106 ( L1.4 )0.286
L ≥ 1.72 ∗ 106 L32000
climate to develop. The dynamical mass ratio µ (= MB/(MA+MB)) of the stellar binary is defined by the masses MA and MB of the individual
stars, where MA ≥ MB .
We use the dynamical mass ratio to evaluate general systems, where the luminosity and radius of each star are determined using well-known
relationships that correlate with the stellar mass. The luminosity affects the top-of-atmosphere (TOA) flux a CBP receives from either star, where
the stellar radius is necessary to determine the effective stellar temperature through the Stefan-Boltzmann Law (L/L = (R/R)2(Te f f /T)4).
Table 2 shows these relations in terms of mass and luminosity. Following the work of Kopparapu et al. (2013a) and Haghighipour &Kaltenegger
(2013), we assume an Earth-like CBP to have a CO2/H2O/N2 atmosphere.
2.2 Flux Calculation
2.2.1 CBP Day Relative to the Center of Mass
We compute the TOA flux on a planet averaged over one spin period, where we assume the CBP spin period is much shorter than the CBP
orbital period (short day). For the Earth, the spin period is the amount of time between successive crossings over the same position in the sky
(e.g., zenith) relative to a distant star (sidereal day) or the Sun (solar day). These periods are not equal because the Earth and Sun are moving
relative to the center of mass. A similar distinction between solar and sidereal day can be made for a CBP. However, a CBP’s solar day is more
accurately called a center of mass (COM) day because the CBP orbits COM of the binary. In Figure 1a, we sketch the orbit of a CBP relative to
the COM of the system. We use the prime meridian vector, which points from the center of the planet through its prime meridian to the binary
COM. One COM day is the time interval for one rotation of the planet so that the prime meridian vector returns to pointing toward the COM.
Two successive crossings of the primer meridian vector with the COM are denoted by t0 and t1, where the angle η is an offset between t0 and
t1 that accounts for the spin and orbital motion of the planet. For completeness, one sidereal day corresponds to when these vectors point to a
distant background star (η << 1◦), which is a slightly different definition of a day. For the rest of this paper, one "day" is taken to be equal to
one COM day, whose duration is set to one Earth day.
2.2.2 Daily Flux and Spectral Weight Factors
The instantaneous TOA flux from one star on a short-day planet at a specific latitude is calculated by the following (Armstrong et al. 2014;
Kane & Torres 2017):
F =
L∗
4pid2
(sin δ sin β + cos δ cos β cos h) , (3)
where L∗ is the luminosity of the star, d denotes the distance from the star to the planet, δ represents the stellar declination (i.e., the angle
that the star makes with the zenith at the planet’s equator), β is the planetary latitude, and h is the hour angle (i.e., the angle the star makes
with the local meridian in the sky of the planet at a given time). The leading term in equation 3 represents the total flux received by a planet
and depends on the distance to each star (i.e., dA or dB in Figure 3), where the angular term relates to the altitude of each star above the local
horizon for an observer Q (Figure 4). For a CBP, we use an effective luminosity that incorporates the spectral weight factor of each star, using
equations 1 & 2 (e.g., L′
A
= Wx
Pr
LA and L′B = W
x
Sec
LB). Then, we calculate the latitudinal flux received by the CBP, from equation 3 using
181 latitudinal zones and the weighted luminosity.
Unless otherwise specified, we assume the planet is near the Runaway Greenhouse limit and use the values in the first column of Table 1.
In order to determine the distance d to each star, we model the system using the REBOUND package with the adaptive-step IAS15 algorithm
(Rein & Liu 2012; Rein & Spiegel 2015). The initial timestep is set to one Earth day, which is ≤ 10% of the binary period of every integration
presented. Since our timestep is one day, we average equation 3 over the range of [0, 2pi] for h, the hour angle of each star to determine the
daily averaged flux. The weighted TOA flux contribution received by the CBP from each star (FA and FB) is calculated using daily averaged
form of equation 3 and the total TOA flux is the sum of both fluxes (i.e., Ftot (β) = FA(β) + FB(β)) at each latitude. To characterize the flux
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Table 3. Analytical values of the flux variation FV as a function of the dynamical mass ratio µ and binary eccentricity ebin . The binary is composed of a
Sun-like primary (MA = M), where the binary and CBP semimajor axis is 0.1 AU and 0.4 AU, respectively.
µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4 µ = 0.5
ebin = 0.0 0.099 0.192 0.272 0.24 0.064
ebin = 0.1 0.109 0.212 0.304 0.282 0.075
ebin = 0.2 0.119 0.233 0.336 0.324 0.086
ebin = 0.3 0.129 0.254 0.369 0.366 0.098
ebin = 0.4 0.139 0.275 0.402 0.409 0.111
ebin = 0.5 0.149 0.296 0.435 0.452 0.125
variation on the CBP over an arbitrary integration period, at a specific latitude, we evaluate
FV (β) = Fmax(β) − Fmin(β)Favg(β) , (4)
where Fmax(β) and Fmin(β) are the maximum and minimum TOA flux experienced at the given latitude β, respectively, and Favg(β) is the
average of the TOA flux experienced at the same latitude during the integration period.
Flux variations can occur globally for a CBP due to the short period motion of the inner binary. When µ is very small, the secondary stellar
mass and luminosity are negligible (even when accounting for spectral weights), and the binary approximates a single-star system, which has a
relatively small FV . As µ is increased, the secondary’s mass becomes more dynamically important, where the primary’s orbit becomes more
significantly displaced from the COM (i.e., a larger moment arm relative to the COM). As a result, the Fmax −Fmin from the primary increases
from the more significant difference between the maximum and minimum distances from the CBP to the primary star. A star’s luminosity is
very sensitive to its mass (see Table 1), and the secondary luminosity may be much smaller than the primary luminosity even if the secondary
mass is only slightly smaller than the primary mass. Thus, there is a region of phase space where the secondary star is dynamically relevant
but whose luminosity is not. In this region, the flux variation FV is larger because the flux amplitude (Fmax − Fmin) increases faster than the
average flux Favg. Once the secondary star’s weighted luminosity becomes significant, the average flux Favg increases and the flux variation
FV decreases. Thus, one expects a peak in FV at some µ between 0 and 0.5 (i.e., a curve that is concave down). In Section 3.2, we show this
trend in both an analytically derived approximation and through N-body integrations. Table 3 provides coarse values of FV as a function of
the binary orbital parameters (µ and ebin), assuming a Sun-like primary, and aCBP/abin = 4
2.2.3 Stellar Declination
In equation 3, L∗ is dependent on the host stars and d is obtained through the relative position vector between the planet and each star. The
declination δ for a single star system (Armstrong et al. 2014) is given by
δ = ψ sin Ls, (5)
and
Ls = Lsp + f (6)
where ψ, Lsp , and f are the planetary obliquity, stellar longitude of perihelion, and CBP true anomaly, respectively. In effect, equation 5 finds
the declination of the system’s COM. If the CBP’s orbit is coplanar with the central binary (no mutual inclination), then each star takes the
same path across the CBP sky during one day as the COM path, where the declination of both stars is equal to the declination of the COM
(see Fig. 1b). In the case of an inclined CBP, the path across the sky for each star is different (see Fig 1c), making the daily averaged flux for
each star different. We extend equation 5 for finding the declination of a star on an inclined CBP with the addition of a term that represents the
angular separation ζX of each star from the COM path:
δX = (ψ + ζX ) sin Ls, (7)
where ζX is determined using the projected z-component for each star zX , the line connecting the COM to the CBP’s equator as the reference
plane, and the distance rCBP from the COM to the CBP (ζX = arctan[zX/rCBP]). The addition of this extra term accounts for any differences
in stellar declination due to the CBP’s mutual inclination relative to the COM declination. We test the extent of this correction numerically
and find a maximum difference of ∼ 5-20 W/m2 in the TOA flux from a CBP inclined by 10◦ − 90◦, respectively, compared to the coplanar
CBPs. The differences in daily flux due to this correction are small and the known CBPs are nearly coplanar with their host binaries. Thus, we
consider coplanar CBPs in this work and use the declination given by equation 5 as the declination for each star.
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2.2.4 CBP Flux Categories: Case 1 and Case 2
The TOA flux received by any planet from its star varies with distance d between planet and star as F ∼ 1/d2. A planet orbiting a single star
therefore necessarily experiences Fmax during pericenter passage and Fmin during apocenter passage. If the orbit is not very eccentric, Fmax
and Fmin are close to each other and FV is very small. In contrast, a CBP does not necessarily experience Fmin during its apocenter passage
or Fmax during pericenter passage due to the changing relative alignment between the binary host stars and the CBP, . The incident flux on
the CBP depends on the effective temperature of each star, the relative orientation of the CBP and binary orbits, and the true anomalies of the
CBP and binary. Even if the CBP’s orbit has very little eccentricity, the distance to each star can vary considerably, meaning that the difference
between Fmax and Fmin can still be quite large. Thus, for a given planet eccentricity, FV is larger for a CBP than for a single-star planet.
Two cases arise when considering the variation in a CBP’s TOA flux that differ in timescale. In Case 1, the secondary star’s luminosity
is comparable to the primary star’s luminosity (LB ∼ LA). There are two maxima for the CBP incident flux, where the first occurs when
the primary star eclipses the secondary star and a secondary peak occurs when the secondary star eclipses the primary. The minimum CBP
incident flux occurs at a point in between the maxima, when neither star is fully eclipsed and the CBP is closer to the secondary than to the
primary. For this case, the CBP flux varies with respect to half the binary timescale (Pbin/2) and the CBP orbital period (PCBP).
In Case 2, the secondary star’s luminosity is much smaller than the primary star’s luminosity (LB << LA). The maximum incident flux
occurs when the CBP is closest to the primary and the minimum incident flux occurs when the CBP is farthest from the primary star, minimizing
the secondary star’s contribution. For Case 2, the TOA flux varies on the binary timescale (Pbin) and the CBP timescale (PCBP). In both
cases, the CBP’s forced eccentricity creates a PCBP-periodicity in CBP flux. Popp & Eggl (2017) present a similar analysis of a hypothetical
habitable planet in the Kepler-35 system (Case 2 in our scheme), where they show that such a planet would receive maximum flux when the
primary eclipses the secondary and minimum flux when the secondary eclipses the primary. Figure 2 highlights these configurations, showing
the primary star in red and secondary in blue.
2.2.5 Border Between Case 1 and Case 2
In this section, we derive an approximate expression for the border between Case 1 and Case 2. Figure 2a illustrates a Case 1 configuration with
a primary maximum (Fig. 2a-I), where the secondary luminosity contributes to the secondary maximum in flux (Fig. 2a-III) and a minimum
occurs between the two maxima (Fig. 2a-II). As the secondary luminosity decreases, the secondary maximum also decreases and transforms
into a minimum (Fig. 2b-V), while the previous minimum (Fig. 2a-II) becomes an inflection point (Fig. 2b-IV). There is a border between
Case 1 and Case 2, where the flux received at Fig. 2a-II and Fig. 2a-III is equal, and
∂F
∂θ

θ=pi
=
∂2F
∂θ2

θ=pi
= 0, (8)
where θ is the angle between ra , the position vector of the primary star, and rCBP , the position vector of the CBP (see Figure 3). Writing
the flux in terms of µ, MA, abin, aCBP , ebin, and eCBP and by solving equation 8 (see Appendix A), we find the following for the luminosity
ratio:
LB
LA
=
µ[1 + α(ebin − 4)(ebin + 1)µ]
[1 − α(ebin − 4)(ebin + 1)(1 − µ)](1 − µ)
. (9)
Equation 9 identifies the ratio LB/LA for a border case in terms of the orbital parameters of the circumbinary configuration. For main-
sequence stars, one can prescribe a primary mass and use the mass-luminosity relation to numerically solve for the value of the dynamical mass
ratio (µo) at the border between Case 1 and Case 2. Then, any µ < µo is categorized as Case 2 and any µ > µ0 is Case 1. For the remainder
of the paper, we use this method to determine µo when discussing the border between cases.
3 RESULTS
3.1 CBP Flux Patterns
We investigate the TOA flux received by a CBP and how it is influenced by the system’s dynamical parameters. Figure 6 shows the daily
averaged TOA flux (color coded) received by an Earth-like planet (Ftot = 1361 W/m2, or 1 S⊕) orbiting the Sun (Fig. 6a), a Case 1 CBP
(µ = 0.5; Fig. 6b), and a Case 2 CBP (µ = 0.09; Fig. 6c). Figures 6b and 6c have bright and dark fringes due to periodic changes in flux on
two timescales (see Section 2.2). As expected, the frequency of the fringes is higher for Case 1 than Case 2.
As a planet’s obliquity increases, the daily TOA flux becomes more concentrated at higher latitudes. For very high obliquities, only the
poles are exposed to direct light for a large part of the orbit, resulting in dramatic changes over a planetary orbit. Figure 7 shows the daily
averaged TOA flux (color coded) received by a CBP with an Earth-like obliquity (23.5◦; Fig. 7a), 45◦ (Fig. 7b), and 90◦ (Fig. 7c). The daily
TOA flux for a CBP resembles a single star in terms of flux changes due to the obliquity, except that fringes appear due to the motion of the
inner binary. As the semimajor axis ratio (aCBP/abin) increases, the fringes due to the binary blend together and the resulting daily TOA flux
more closely resembles the equivalent single-star configuration. Figure 7d–7f shows the daily averaged TOA flux (color coded) for a CBP with
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increasing semimajor axis relative to the stability limit (aCBP/acrit ), with values of 2, 3, and 4, respectively. There are more binary orbits per
single CBP orbit when the CBP semimajor axis is increased, which increases the number of bright fringes and making each bright fringe less
pronounced. At large aCBP/abin, the flux for a CBP is indistinguishable from that of the equivalent single-star case.
3.2 Flux Variations
Kepler-16AB (see Table 4) hosts at least one circumbinary planet, Kepler-16b, which is ∼ 0.7 AU from the binary on a nearly circular orbit
(Doyle et al. 2011). The luminosity of Kepler-16B is much less than the luminosity of Kepler-16A (LB/LA ≈ 0.01), making Kepler-16b an
example of Case 2 (see 2). We note that the TOA flux is independent of the assumed planetary size or atmospheric composition. In Figure
5, we examine the daily TOA flux at the CBP equator during a single orbit. Kepler-16b, a CBP with an almost circular orbit (e = 0.007)
still experiences significant variability in its incident flux, which supports our claim that even CBPs with small eccentricities can experience
significant flux variations. These variations are driven by two phenomena: the change in flux due to the orbit of the binary and a change in
flux due to the CBP’s forced non-zero eccentricity, where the variation due to only the binary’s orbit is 34% and accounting for the CBP’s
eccentricity increases the overall variation to 43%.
The flux variation received by a CBP depends on the inner binary moment arm relative to the COM through the dynamical mass ratio µ,
primary mass MA, binary eccentricity ebin, and the semimajor axis ratio aCBP/abin. In Figure 8, we show how the flux variation changes with
respect to each of these factors. Figure 8a illustrates the simulated value of FV using an N-body simulation and an analytically computed value
of FV , where we use equations A2–A7 to approximate FV . The simulation assumes a Sun-like primary star while the secondary star’s mass
varies across the full range of µ (0 < µ ≤ 0.5), with a mildly elliptical orbit (ebin = 0.13), and a typical binary semimajor axis (abin = 0.15)
of the known CBP host binaries. The CBP starts in a circular orbit with a semimajor axis ratio (aCBP/abin = 3.84) that is beyond the critical
value (Quarles et al. 2018).
There is a peak in the value of FV at approximately µ = 0.33 in Figure 8a, corresponding to where the secondary star’s dynamical influence
is most important and luminosity is . 0.06 L (see Section 2.2.5). The differences in the analytically predicted FV and N-body simulated
FV are the result of planet eccentricity excitations due to mutual gravitational attractions between the binary and CBP. The flux variation FV
also depends slightly on the primary mass MA, where we determine the flux variation for a primary mass of 0.3M , 0.8M , and 1M that
corresponds to three spectral types (M, K, and G, respectively) in Fig 8b. The peak in FV shifts to different values of µ, where an increase in
the primary mass results in a higher peak value in µ and vice versa. As the CBP’s distance from the binary increases, the binary star appears
more like a single star and the flux variation decreases. Figure 8c shows this expected trend with the semimajor axis ratio (aCBP/abin) using
a Sun-like primary, where the secondary mass is determined via the dynamical mass ratio µ and the curves correspond to µ values of 0.25
(gold), 0.33 (green), and 0.5 (blue).
A higher binary eccentricity increases the maximum flux and decreases the minimum flux received by the CBP, while holding the average
flux roughly constant. This implies that FV always increases with binary eccentricity. As detailed in section 2.2.5, FV also depends on the
luminosity and mass of both stars. Thus, FV depends on µ and binary eccentricity independently. As a result, the peak of flux variation FV in
µ does not shift much with binary eccentricity. Across the full parameter space explored in Figure 8d, the maximum critical semimajor axis is
3.84abin (Quarles et al. 2018) for a mass ratio µ of 0.24 and binary eccentricity 0.49. In Figs. 8a, b, and d, the CBP begins on a circular orbit
with a semimajor axis of 3.84abin = 0.576AU, so that the semimajor axis ratio aCBP/abin is not varied and stability is guaranteed for all
simulations in these three panels. As expected from Fig. 8c, changing aCBP/abin changes the magnitude of FV in Fig. 8d, but the structure
of the plot is conserved.
The cyan line shows the location of the border between Case 1 and Case 2 for a CBP semimajor axis of 3.84abin. A change in the semimajor
axis ratio aCBP/abin changes the position of the line, where a larger aCBP/abin moves the line to the right and vice versa. If we use the CBP
semimajor axis of the actual Kepler systems, we find Kepler-34b and Kepler-35b are the only Case 1 configurations of the currently known
CBPs. Our results suggest that Case 1 configurations will be much less common than Case 2 configurations because the fractional area of
phase space corresponding to Case 2 is so much larger. Although there is an excess of twin stars (µ ∼ 0.5) with respect to mass ratio shown in
binary star surveys, the cumulative fraction of Solar-type primaries with low mass secondary stars is large (Raghavan et al. 2010; Moe & Di
Stefano 2017).
3.3 Energy Balance Models
We extend our numerical investigations of TOA flux to examine the possible surface temperature variations for Earth-like CBP analogs
compared with the respective equivalent single-star systems. One can evaluate the temperature by solving the following 1D Latitudinal Energy
Balance Model (EBM) for CBP surface temperature (T) as a function of time (t) and latitude (β):
C
∂T
∂t
= S(1 − α) − (A + BT) + 1
cos β
∂
∂β
(D cos β ∂T
∂β
), (10)
where S is the TOA flux received at a specific latitude at each timestep in an N-body simulation, and is evaluated using the process described
in Section 2.2. Equation 10 depends on the assumed heat capacity C, where we use heat capacity of water. The constants A and B are the
thermal emission parameters: 210 W/m2 and 2 W/m2/K, respectively, where D represents the latitudinal diffusive parameter, 0.55 W/m2/K.
The model assumes a cloudless water-world with a uniform heat capacity at all latitudes and an equivalent water depth of 10 meters. This is
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Table 4.Orbital and Spectral Properties of Binary Systems with CBPs in the conservative HZ. Values for Kepler-16b, Kepler-47c, Kepler-453b, and Kepler-1647b
are taken from Doyle et al. (2011), Orosz et al. (2012a), Welsh et al. (2015), and Kostov et al. (2016), respectively. The ’Extreme CBP’ is a hypothetical case
where aCBP is near the inner edge of stability and its HZ.
MA(M) MB (M) LA(L) LB (L) TA(K) TB (K) abin (AU) ebin aCBP (AU) eCBP FV
Kepler-16b 0.69 0.2 0.148 0.0057 4446 3311 0.22 0.16 0.705 0.007 0.239
Kepler-47c 1.043 0.362 0.84 0.014 5636 3357 0.0836 0.0234 0.99 0.041 0.258
Kepler-453b 0.93 0.19 0.58 0.00474 5527 3309 0.18 0.051 0.79 0.038 0.285
Kepler-1647b 1.22 0.97 4.271 0.93 6210 5770 0.13 0.16 2.72 0.058 0.291
Extreme CBP 0.62 0.305 0.1478 0.015 4077 2776 0.15 0.11 0.40 0.0 0.446
Table 5. Values for Case 1 and Case 2 to evaluate our energy balance model (EBM). The binary spectral parameters (M , L, and T ) are chosen so that an
Earth-like CBP analog receives a total orbital flux of 1361 W/m2 and the binary orbital parameters represent a typical CBP host binary within the Kepler CBP
systems.
MA(M) MB (M) LA(L) LB (L) TA(K) TB (K) abin (AU) ebin aCBP (AU)
Case 1 0.84 0.84 0.5 0.5 5090 5090 0.15 0.12 1
Case 2 0.99 0.10 0.996 0.004 5760 1980 0.15 0.12 1
appropriate because none of the known CBPs are expected to be terrestrial and we expect that our work will become more applicable once
Earth-like CBPs are discovered. We also explore the difference in surface temperatures compared with the equivalent single-star configuration
for each of our Earth-like CBP analogs, where any systematic bias due to our model assumption is mitigated. The albedo α is defined as:
α =
{
0.6, T ≤ 263K
0.3 + 0.078P2(sin β), T > 263K,
(11)
where P2 is the second Legendre polynomial. We use the CLIMLAB package in python as described by Rose (2018) to evaluate the EBM.
The EBM decomposes the CBP into 181 latitudinal zones, assumes a surface temperature profile, and then numerically solves the EBM using
a timestep of approximately 8.64 × 103s or 1 day. Further details concerning the EBM are thoroughly described in the documentation for
CLIMLAB (Rose 2018).
3.3.1 Case 1 CBPs
We investigate the flux and temperature evolution of two synthetic systems that are representative of our Case 1 and Case 2 categories using an
EBM. The orbital and spectral parameters used for these systems are given in Table 5, where we note that the values are chosen so that the CBP
receives the same flux (1361 W/m2) and the binary orbital parameters are representative of a typical CBP hosting binary. Figure 9 illustrates
the differential latitudinal flux received (left column) and respective surface temperature response (right column) for a Case 1 CBP with an
Earth-like obliquity (ψ = 23.5◦). We measure the differential TOA flux ∆F as the temporal difference in TOA flux between a CBP and an
equivalent single star (ESS) system (i.e., ∆F = FCBP − FESS), where an ESS system is created by setting the planet in the same orbit around
a single star with its luminosity equal to the total weighted luminosity of the binary. The differential surface temperature ∆Ts is calculated in a
similar manner (i.e., ∆Ts = TCBP − TESS) using the output from the EBM over 5 planetary orbits. The first orbit is discarded to remove any
fluctuations that may occur as the EBM equilibrates.
In agreement with previous work (May & Rauscher 2016), a change in flux received by the planet creates a change in planet surface
temperature, with a time delay because of the nonzero heating/cooling timescale of the planet. Asymmetries about the planet’s equator arise
due to the planet’s nonzero obliquity and eccentricity, where the CBP’s obliquity and eccentricity allow for a higher flux at particular phases
of a planetary orbit (i.e., Milankovitch cycles Milankovitch (1941); Deitrick et al. (2018)).
In Figure 9a and 9b, the values for Case 1 from Table 5 are used and the characteristic fringes illustrate the changing conditions due to the
inner binary orbit. The CBP receives a maximum of 20 W/m2 from the motion of the inner binary, or gyration, (Fig. 9a), which corresponds
to an increase in surface temperature by ∼2 K (Fig. 9b). The change in temperature is delayed relative to the change in flux due to the radiative
lag of the atmosphere. After a decrease in the differential flux ∆F, the corresponding change in temperature also decreases. The decreases are
not symmetric due to the asymmetric changes in flux, where an Earth-like CBP is, on average, 1 K warmer than its ESS counterpart. May &
Rauscher (2016) showed a similar effect for Kepler-47b, where the maximum and minimum differential surface temperature is 2 K and -0.5 K,
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respectively. These asymmetries are not found in (Haqq-Misra et al. 2019) because they model the flux from the central star using an analytic
periodic function and equate the flux received from the ESS to the mean value of the periodic function.
The binary semimajor axis (and orbital period) plays a role in the relative distance between the CBP and its hosts stars. Thus, we explore in
Figs. 9c and 9d how a Case 1 CBP responds (in TOA flux and surface temperature) when the binary orbital period is doubled (or increasing
abin by a factor of 22/3). The longer binary orbital period decreases the frequency of the fringes, where the maximum differential flux increases
by a factor of 24/3 and is proportional to the square of the change abin. As a result of the increased flux, the maximum temperature is ∼6 K
warmer than the ESS configuration. For longer period binaries, the orbital speed of the binary is slower and the CBP atmosphere has a slightly
longer duration at each phase of the binary orbit so that the periods of warming last longer (Fig. 9b vs. Fig 9d). Both effects work to increase
the flux and temperature on the CBP even more than in Fig. 9a and 9b
A larger binary eccentricity shortens the closest distance between the CBP and one of its stars, albeit temporarily. Thus, we use the conditions
in Table 5 for Case 1 with double the binary eccentricity ebin and evaluate the EBM in Figs. 9e and 9f. Although each star comes closer to
the CBP, the star also moves along its orbit away from the CBP quickly. As a result, the increases in differential flux are lower and the surface
temperature changes in Fig. 9f are similar to Fig. 9b. The duration of the highest surface temperature increases are more sporadic.
3.3.2 Case 2 CBPs
For Case 2, the luminosity from the secondary star is largely negligible relative to the total TOA flux received by the CBP, but the primary star
still orbits at a small distance from the center of mass. As a result, the gyration effect still occurs and the primary star is not brought as close to
the CBP as in Case 1. The variation of the total TOA flux on the CBP is periodic (see Section 2), where the surface temperatures can decrease
below the ESS case. Moreover, the maximum differential surface temperature (∆Ts) is less for Case 2 than in Case 1. We demonstrate this
effect in Figure 10 using the binary and spectral parameters in Table 5 in a similar experiment as in Section 3.3.1.
Figure 10a shows that the differential flux (∆F) between a Case 2 CBP and its ESS configuration is more sinusoidal. The differential surface
temperature (Fig. 10b) exhibits features that correlate with the differential flux, but are delayed due to the radiative lag of the atmosphere.
Overall, the maximum surface temperature is only ∼1 K warmer than its ESS counterpart, where most latitudes experience a ∼0.5 K difference
in surface temperature.
In Section 3.3.1 we doubled the binary orbital period to induce a larger differential flux, but the increase in this case is only about half as
much compared to Case 1 (Fig. 10c vs. 9c). The resulting differential surface temperature (Fig. 10d) is also not as large, but roughly double in
magnitude relative to Fig. 10b. If we double the binary eccentricity, the differential flux (Fig. 10e) is similar to Fig. 10a. The periods when the
differential surface temperatures are lower than the ESS configuration (Fig. 10f) are longer in duration for a higher binary eccentricity, which
makes Case 2 CBPs more similar to the ESS configuration.
As shown in Fig 8d, increasing binary eccentricity increases the maximum flux and decreases the minimum flux received by the CBP,
creating a larger range in fluxes received. In Case 1, the stars have comparable luminosities and any increase in flux received from one star due
to the binary orbit is countered by a corresponding decrease in flux from the other star. Thus, when binary eccentricity is increased in Case 1,
the total flux received by the CBP at any point does not change significantly enough to drive a temperature change. In Case 2, the secondary is
much dimmer than the primary and doesn’t counter the changes in flux from the primary. Thus, eccentricity changes to the binary in Case 2
cause more significant variability in the temperatures for an Earth-like CBP.
In every scenario presented in Figs. 9 and 10, we find that the surface temperatures on an Earth-like CBP are typically warmer than the
equivalent single-star configuration. The maximum difference is typically not that large, similar to previous works (May & Rauscher 2016;
Haqq-Misra et al. 2019), and more specific CBP configurations optimized for a larger differential flux could induce larger temperatures
differences than in these cases.
3.3.3 Flux and Temperatures on Known HZ CBPs
We apply our analysis for the differential flux (∆F) and surface temperature (∆Ts) using parameters from four of the known Kepler CBPs
(Kepler-16b, Kepler-47c, Kepler-453b, and Kepler-1647b) that lie within their respective conservative habitable zones (Haghighipour &
Kaltenegger 2013), but we replace the gas giants with Earth-like analogs. The orbital parameters of these systems are given in Table 4 along
with their flux variation FV . The FV values are similar for each of the Kepler CBPs because the planetary eccentricity eCBP induces a variation
over a planetary orbit in addition to the gyration of the inner binary. If the orbits of the more eccentric Kepler CBPs (47c, 453b, and 1647b)
were circular, then the FV values would be 0.09, 0.16, and 0.06, respectively. To remove the variability due to planetary eccentricity, we
present results assuming circular, coplanar planetary orbits and the actual flux variation of these systems will be enhanced using the planetary
parameters.
For simplicity, we calculate the differential flux and surface temperature evolution for an Earth-like planet with 0◦ of obliquity in Figure 11.
Similar to our investigation of the general cases (Sections 3.3.1 and 3.3.2), we omit the first full planetary orbit as the atmosphere equilibrates.
A Kepler-16b analog can receive up to ∼25 W/m2 additional flux relative to its ESS configuration, which occurs when the planet and primary
star are at their shortest distance. The differential surface temperature for an Earth-like Kepler 16b increases by 1 K in response to the additional
flux and is delayed by ∼0.15 orbits due to the radiative lag of the atmosphere. Throughout the planetary orbit, the binary shows a range of
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relative phases that allows the differential temperature to relax back towards a state more similar to its ESS counterpart. However the differential
temperature remains positive (CBP is warmer than the ESS planet) for an overwhelming majority of an orbit.
An Earth-like analog to Kepler-47c is more symmetric for its differential flux as compared to the ESS configuration, but it is always 0.5
K warmer than the respective ESS case. This is, in part, due to the relatively short binary orbital period where changes in flux are on the
same order as the atmospheric equilibration timescale. Kepler-453AB, on the other hand, has a longer binary orbital period, which allows the
atmosphere of an Earth-like planet orbiting it more time to reach equilibrium once the flux changes. As a result, the maximum differential
flux reaches ∼50 W/m2 with a nearly 3K increase in the corresponding differential surface temperature. Kepler-1647AB has a short period
(∼11 days) inner binary, where the planetary orbital period is extremely long (∼1100 days). As a consequence, the differential flux is largely
symmetric (similar to Kepler-47c) and the differential surface temperature on an Earth-like planet is more similar to its ESS configuration
than of the other Kepler CBPs. An extreme CBP that lies near its stability limit and inner edge of its HZ experiences at least 4 epochs of
extreme differential flux (∼180 W/m2), which correlates with a 10 - 15 K increase in the differential surface temperature. The range in surface
temperature arises from the movement of the CBP along its orbit and the binary presents a different phase relative to the CBP.
Many previous studies (Armstrong et al. 2014; Kane & Torres 2017; Deitrick et al. 2018; Quarles et al. 2020a) have shown significant
latitudinal changes in flux with respect to the planet’s obliquity ψ. Figure 12 shows the maximum differential flux and surface temperature
(color-coded) using Earth-like planets in place of the four known habitable zone CBPs and one hypothetical system with obliquities ranging
from 0◦ to 180◦. We also provide the base-10 logarithm of the ratio γ, where γ represents the ratio of the maximum differential flux and surface
temperature during an orbit (i.e., max ∆Ts / max ∆F). Physically, the ratio γ indicates the magnitude of the increase in surface temperature
relative to the additional flux introduced by the motion of the inner binary (i.e., gyration). For our Kepler-16b analogs (top row, Fig. 12), the
greatest differential flux occurs at 90◦ of obliquity resulting in a 4 K increase in the differential surface temperature. Through log10 γ, we find
that the thermal atmospheric response varies with obliquity and latitude, which is also large proportional to the input of additional flux from
the changing binary orbit relative to the ESS configuration.
The Earth-like analogs in Kepler-47c and Kepler-453b exhibit similar trends as Kepler-16b for the maximum differential flux, where the
magnitudes vary due to the spectral properties of the host stars. But, the surface temperature on these planets begins above the freezing
temperature for sea water assumed in our EBM, in contrast to Kepler-16b (see Figure 13). Therefore, the planets will encounter a critical
obliquity range (28◦ – 152◦, Kepler-47c; 57◦ – 125◦, Kepler-453b) for which the poles start to receive more flux than the equator and an ice belt
can form (Kilic et al. 2018). An ice belt changes the average albedo of the planet and can lead to more drastic cooling. The differential surface
temperature panels (middle column, Figure 12) for Kepler-47c and Kepler-453b show the polar regions are more similar to their respective
ESS configurations between the critical obliquity values (vertical ridges in red). This effect appears more clearly through log10 γ, where
the atmospheric response is significantly lower between the critical obliquities. The maximum differential flux and surface temperature for
Kepler-1647b is much more similar to Kepler-16b, but the overall degree is much less due to the orbital architecture. The maximum differential
surface temperature can increase by ∼1 K in Kepler-1647b, but only at high obliquity and in the polar regions. Kepler-1647b begins with a
lower global surface temperature so that there is not a large shift in albedo with increased obliquity.
A more extreme CBP configuration is possible (although not yet discovered) that has a semimajor axis aCBP near its stability limit and is
also at the inner edge of its HZ. We explore this hypothetical case (Extreme CBP) in Fig. 12 and find that such a planet could experience up to
a ∼400 W/m2 increase in its differential flux. As a result, the differential surface temperature increases by ∼17 K. In this case, the gyration of
the binary largely prevents ice belts from forming at high obliquity and thus the global albedo remains quite low. The atmospheric response in
log10 γ is typically -1 (or γ = 0.1), which means every 10 W/m2 increase in differential flux correlates with an 1 K increase in the differential
surface temperature.
The median surface temperature (Tmed) for each CBP changes as a function of the assumed obliquity (Figure 13). Earth-like planets in place
of Kepler-16b and Kepler-1647b follow their respective ESS configurations due to their surface temperatures beginning below our freezing
point (263 K) so that the global albedo remains the same across obliquities. Kepler-47c and Kepler-453b begin at a warmer median surface
temperatures Tmed until the equator receives less flux due to the obliquity and the gyration from the binary. An ice belt can potentially form,
which drastically changes the global albedo through an ice-albedo feedback. This process can be interrupted if the flux variations from the
binary gyration are more extreme as is the case for hypothetical extreme CBP (Fig. 13; bottom row). The extent of cooling due to nearly 90◦
obliquity for the Kepler CBPs is also mitigated due to the flux variation from the inner binary. Although, it is typically to a lower degree than
in our extreme CBP scenario.
3.4 Binary Eclipses
Our analysis has ignored the binary eclipses that affect coplanar CBPs, where the total flux received by the CBP is temporarily and drastically
reduced. Figure 14 shows the daily averaged flux for Kepler-16b over one planetary orbit (assuming Earth-like obliquity), where the binary
eclipses are seen as short vertical strips along the fringe pattern of the binary. The duration of binary eclipses depends on the orbital velocity
of the host stars, where eclipses of Kepler-16AB have the longest duration because of its large separation abin and consequently the longest
orbital period of the Kepler CBPs. Additionally, the eclipse duration depends specifically on which star is being occulted. Nonetheless, we
find using numerical integrations in Rebound that the eclipses typically last between ∼ 7 – 11 hours, which is much less than the equilibration
timescale of the atmosphere and will not be significant for the long-term change in TOA flux or surface temperature on CBPs. Although
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eclipsing binaries as seen from the CBP are likely rare, CBPs in general may temporarily experience binary eclipses due to the secular nodal
precession, which is most drastically seen for Kepler-413b (Kostov et al. 2016) and Kepler-1661b (Socia et al. 2020).
4 SUMMARY & DISCUSSIONS
When examining the habitability of a circumbinary planet (CBP), one must not only consider the average stellar flux received by the CBP, but
also account for the orbital parameters and intrinsic characteristics of the inner binary (Eggl et al. 2014). Because each star of the binary has
its own motion around the center of mass of the system (i.e., gyration), the flux received by the CBP can vary substantially during a single
planetary orbit. In this work, we present an analysis of the top-of-atmosphere (TOA) flux and surface temperature experienced by an Earth-like
CBP analog in orbit around two main-sequence stars, with an emphasis parameters from the currently known CBPs.
With respect to the TOA flux received by a CBP, we find two types of configurations, as shown in Fig. 2. If the secondary star’s luminosity is
comparable to that of the primary star (Case 1: LB ∼ LA), it makes a non-negligible contribution to the CBP’s surface flux. In Case 1, the flux
received by the CBP varies on two timescales – one-half of the binary orbital period and the CBP orbital period. If the weighted luminosity of
the secondary star is much lower than the weighted luminosity of the primary star (Case 2: LB << LA), its contribution to flux doesn’t affect
the TOA flux and CBP flux variation is mainly driven by the periodically varying distance between the CBP and the primary stellar component.
In contrast to Case 1, the flux received by the CBP in Case 2 varies on the binary orbital period timescale. We present an analytical expression
(equation 9) for the luminosity ratio of the border between Case 1 and Case 2, in terms of the dynamical mass ratio µ, the ratio aCBP/abin,
and the binary eccentricity ebin. The phase region corresponding to Case 2 is much larger than than of Case 1 (see Fig. 8d), and we expect
Case 2 configurations to more commonly appear in observed systems. This is supported by known Kepler CBPs, where only two (Kepler-34b
and Kepler-35b) are Case 1 configurations out of the dozen known CBPs. Moreover, the fraction of binaries with a Solar-Type primary and a
low-mass secondary is expected to be high (Raghavan et al. 2010; Moe & Di Stefano 2017).
We characterize the TOA flux variations experienced by a CBP in terms of the dynamical parameters of the system. For a given primary
mass, the flux variation peaks at µ ∼0.3 and varying primary mass can shift this peak slightly, where the flux variation peaks at µ = 0.24,
µ = 0.29, and µ = 0.33 for an M-dwarf, K-dwarf, and G-dwarf primary, respectively (Fig. 8a and 8b). As aCBP/abin increases, the binary
more closely resembles a single star and the flux variation decreases (Fig. 8c). When the binary eccentricity increases, the maximum flux on the
CBP is increased and the minimum flux is decreased, uniformly increasing flux variation (Fig. 8d). We find that these trends are independent
of whether the CBP is near the inner HZ boundary (runaway limit) or the outer HZ boundary (greenhouse limit). Using a 1D Longitudinal
energy balance model (EBM), we evaluate the differential flux (∆F = FCBP −FESS) and surface temperatures (∆Ts = TCBP −TESS) on Case
1 and Case 2 Earth-like CBP analogss relative to their equivalent single-star (ESS) configurations. We find that Earth-like CBPs are slightly
warmer than their ESS configuration. As shown in Fig. 9 & 10, Earth-analog Case 1 CBPs can be 6 K warmer than the ESS configuration, and
Earth-analog Case 2 CBPs can be 2 K warmer. Because the stellar mass and luminosity are less evenly distributed in Case 2, changes in binary
orbital parameters drive larger temperature changes compared to Case 1 CBPs. May & Rauscher (2016) concluded that the surface temperature
for CBPs are very similar to their respective ESS configurations, where we find agreement for low obliquities. A key difference between
our EBM and their model is that our albedo changes as the temperature drops below 263 K, which allows for a feedback. Haqq-Misra et al.
(2019) found that CBPs can experience significant differences in surface temperature from the ESS configuration when the CBP’s surface is
assumed to have more land, where our results agree in the case of an aquaworld,. In contrast, Haqq-Misra et al. (2019) found a more symmetric
distribution of differential surface temperatures. This discrepancy is due to the way in which they model the flux received from the central
binary. Overall, each model agrees that CBPs can experience warmer surface temperatures compared with the ESS configuration.
In addition, we evaluate the expected differential flux and surface temperatures for Earth-like analogs using parameters from the four known
habitable zone CBPs and one extreme hypothetical case over one planetary orbit (Fig. 11). Because a longer binary period allows the CBP
atmosphere more time to equilibriate to changes in TOA flux, CBPs with relatively short period host binaries (Kepler-47c and Kepler-1647b)
have a relatively low ∆T than CBPs with longer binary periods (Kepler-16b, Kepler-453b, and Extreme CBP; Fig. 11). We evaluate the
maximum differential flux, maximum differential temperature, and their ratio for a wide range of obliquity in Fig. 12. At higher obliquities,
as the polar latitudes of CBPs receive more direct flux than the equator, ice belts begin to form near the equator, which can drastically change
the global CBP albedo. We find that the change in albedo can drive a drastic shift in differential temperature on Earth-like CBPS in systems
like Kepler-47c and Kepler-453b. CBPs with high obliquity (ψ ∼ 90◦) typically have a larger differential temperature at the poles due to direct
radiation, where diffusion acts to increase the differential temperature at lower latitudes. The ice-albedo feedback can be counterbalanced by
the gyration of the binary orbit when the CBP begins near its stability limit and at the inner edge of its HZ due to the more drastic periodic
increases in flux (Figs. 12 and 13).
Our analysis applies to Earth-like CBPs that are nearly coplanar with their host binary. While it is expected that most CBPs have a low
mutual inclination with their host stars, it is possible that more inclined CBPs exist (Li et al. 2016). A CBP’s orbit can be stable at a smaller
semimajor axis at higher inclinations (Doolin & Blundell 2011). As a consequence, highly inclined CBPs could see larger flux variations. This
effect would be most prominent for retrograde CBPs, which can be significantly closer to the central binary than prograde CBPs and might
be overall less habitable than prograde CBPs. As in Kepler-47 (Orosz et al. (2012a)) and potentially Kepler-1647 (Hong et al. (2019)), it is
possible that multiple CBPs exist in orbit around the same inner binary. The work in Sutherland & Kratter (2019) shows that the instabilities
in mean motion resonances, which are expected in such multiplanet circumbinary environments, could create a more nuanced analysis of CBP
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habitability. In addition, the work presented in this paper can be extended by using more complex and long-term climate models to derive more
detailed information about the habitability and temperature on the surface of CBPs. As in Haqq-Misra et al. (2019), accounting for surface
topography and land distribution could create a more extended investigation of CBP temperature and habitability.
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APPENDIX A: DERIVING THE BORDER BETWEEN CASE 1 AND 2
The border between Case 1 and Case 2 can be delineated by using orbital elements that parameterize the system relative to the center of mass.
Figure 3 illustrates this process through the distance from the center of mass to star A rA (red), star B rB (blue), and the CBP rCBP (maroon).
In addition to these parameters, the distance from the CBP to star A dA and star B dB are denoted in gray. We represent the orientation of
the CBP orbit (ωCBP + fCBP ; maroon) and the binary orbit (ωbin + fbin; red) through color-coded dashed curves. Finally, we identify the
angle between the position vectors of the primary star A and the CBP by the symbol θ (gray). The border between Case 1 and Case 2 can be
identified through the second derivative of the weighted flux (i.e., ∂
2F
∂θ2
= 0) when the secondary star B eclipses the primary star A (θ = pi),
where the weighted flux is:
F =
LA
4pid2
A
+
LB
4pid2
B
. (A1)
The stellar luminosities LA and LB should be adjusted for their spectral weight factor (Haghighipour & Kaltenegger 2013) at this point or by
multiplying our final result byWx
Sec
/Wx
Pr
. The distances to each of the stars (dA and dB) can be determined using the Law of Cosines relative
to the center of mass and we demonstrate this calculation for dA:
d2A = r
2
CBP + r
2
A − 2rCBPrA cos θ, (A2)
where the distances rCBP and rA relative to the center of mass are found using the radial equation from the two body problem (Murray &
Dermott 1999). Using these analytic expressions is acceptable when the CBP is far enough from its inner stability limit (Quarles et al. 2018) so
that changes to the CBP’s semimajor axis and eccentricity are small over a planetary orbit. In addition, the radial equations require adjustment
so that the cosine term includes the angle θ. To simplify the problem, we set ωCBP = ωbin = 0, which gives a measure of the relative phase θ
between the orbits (θ = fbin − fp). As a result, the radial equations for rCBP and rA are
rCBP =
aCBP(1 − e2CBP)
1 + eCBP cos( fbin − θ)
(A3)
and
rA =
µabin(1 − e2bin)
1 + ebin cos(θ + fp)
, (A4)
which includes the dynamical mass ratio µ for the binary orbit. The cosine rule (equation A2) calculates d2
A
, where 1/d2
A
is required in equation
A1. At this point, it is likely more practical and accurate to calculate d2
A
numerically using REBOUND. However, we can employ the method of
expansion of a 1/r potential into Legendre polynomials and discard the appropriate terms, where such an analytical approximation could be
more useful when the number of trial cases is large. Thus, we re-arrange equation A2 into the following form:
1
dA
=
1
rCBP
[
1 +
(
rA
rCBP
)2
− 2 rA
rCBP
cos θ
]−0.5
=
1
rCBP
∞∑
n=0
(
rA
rCBP
)n
Pn(cos θ), (A5)
where Pn is the n-th Legendre polynomial. Assuming that the ratio rA/rCBP << 1 (a requirement for orbital stability), we set χ = rA/rCBP
and expand equation A5 to second order in χ to get:
1
dA
≈ 1
rCBP
[
1 + χ cos θ +
1
2
χ2(3 cos2 θ − 1) + O
(
χ3
)]
, (A6)
where 1/d2
A
can be found by squaring equation A6 and removing the higher order terms. The final approximation for 1/d2
A
is:
1
d2
A
≈ 1
r2
CBP
[
1 + 2χ cos θ + χ2(4 cos2 θ − 1)
]
, (A7)
Most CBPs of interest (i.e., within their HZ) are expected to have low eccentricity (Quarles et al. 2018, their Fig. 8) and thus, we set eCBP
to zero. Moreover, we can choose the reference line such that fCBP is also zero, which simplifies equation A7 greatly. The expansion to find
dB follows the same procedure (equations A2–A7) through the substitutions: fbin → fbin + pi and µ→ (1− µ). Evaluating ∂
2F
∂θ2
= 0 at θ = pi,
we find the critical luminosity ratio between Case 1 and Case 2 as:
LB
LA
=
µ[1 + α(ebin − 4)(ebin + 1)µ]
[1 − α(ebin − 4)(ebin + 1)(1 − µ)](1 − µ)
, (A8)
where α denotes the semimajor axis ratio abin/aCBP .
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Figure 1. A top-down visualization, in panel (a), for a CBP orbiting the center of mass, o, of its primary (red) and secondary (blue) stars, where the definition
of a day is relative to the center of mass. Panel (b) illustrates that the path of the inner binary across the CBP’s sky matches the path of the center of mass for a
coplanar configuration, where panel (c) shows the differences in altitude for each star when the planetary orbit is inclined relative to the binary. As a consequence,
the integrated flux over a day for an inclined CBP differs from the coplanar configuration by up to ∼20 W/m2, where the maximum difference occurs when the
CBP and binary orbits are perpendicular to each other.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure 2. These are the configurations of a Case 1 CBP-Binary system that produce a maximum (I), minimum (II), and a secondary maximum (III) flux on the
CBP’s surface (top), and a Case 2 CBP-Binary system that produce maximum (IV) and minimum (V) flux on the CBP’s surface (bottom). The red star is the
primary and the blue star is the secondary.
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Flux Variations on CBPs 15
Figure 3. Visualization of the CBP-binary configuration, with the the primary star (red), secondary star (blue), and CBP (brown) color-coded. The distances
from center of mass to the primary star, secondary star, and CBP are rA, rB , rCBP , respectively. The relative distance between the CBP to the primary and
secondary are dA and dB , respectively. The angular displacement of the primary star (ωbin + fbin) and the CBP (ωCBP + fCBP ) from the reference direction
are shown by the red dashed and the brown dashed curves, respectively. The angle between the position vectors of the primary star and the CBP is denoted by θ.
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Figure 4. Visualization of the received flux from the perspective of an observerQ on the surface of a CBP, with latitude (β), hour angle (h), and declination (δ).
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Figure 5. The top of the atmosphere flux over the equator of Kepler-16b as a function of its orbit around the Kepler-16 G-M binary (a Case 2 configuration).
MNRAS 000, 1–13 (2020)
18 Yadavalli et al.
Figure 6. Flux as a function of latitude on an Earth-like planet receiving an Earth flux orbiting (a) a Sun-like star, (b) a Case 1 CBP configuration, and (c) a
Case 2 CBP configuration. The inner binary for the CBP configurations begin on a circular orbit with a binary semimajor axis abin = 0.45 au.
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Figure 7. Flux changes as a function of obliquity for: (a) 23.5◦, (b) 45◦, and (c) 90◦ and as a function of planetary semimajor axis ap for: (d) 2acr it , (e)
3acr it , and (f) 4acr it . The orbit of the CBP and its Sun-like binary host stars begin on circular orbits, where the binary separation abin is 0.45 au.
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Figure 8. In panel (a), we show analytical and simulated calculations of flux variation over dynamical mass ratio µ, where the primary is Sun-like. Panel
(b) shows simulated values of FV using a range of primary host stars (0.3 M , 0.8 M , and 1 M). Panel (c) illustrates how FV decreases with respect to
aCBP/abin from 3.84− 10. For panel (d), we show flux variations on a CBP over a range of binary eccentricity ebin and mass ratios µ. Panels (a), (b) and (c)
use a stellar orbit with a typical semimajor axis (abin = 0.15) and eccentricity (ebin = 0.13) characteristic of known CBP host binaries. The CBPs in panels
(a), (b), and (d) begin on a circular orbit beyond the stability limit at 0.576 AU.
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Figure 9. The differential flux (∆F = FCBP − FESS , left column) and surface temperature (∆Ts = TCBP − TESS , right column) between a Case 1 CBP
(equal mass stars, total luminosity of L) and the equivalent single-star (ESS) system over 4 planetary orbits. Panels (a) and (b) illustrate the differential values
using binary parameters that are typical of the known CBP hosts. Panels (c) and (d) illustrate the changes in differential flux and surface temperature when the
binary period is doubled. Panels (e) and (f) show the changes in differential flux and surface temperature when binary eccentricity ebin is doubled instead. The
CBP in each scenario starts on an orbit receiving one Earth flux, with an Earth-like obliquity (23.5◦) and on a circular orbit (see Table 5).
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Figure 10. Similar to Figure 9, but for a Case 2 CBP configuration (see Table 5).
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Figure 11. Differential flux (∆F = FCBP − FESS ) and surface temperature (∆Ts = TCBP − TESS ) for the four habitable zone CBPs with their equivalent
single-star (ESS) counterparts over an orbit. An additional case is provided for an extreme CBP, where its semimajor axis is near the stability limit and the inner
edge of its HZ (see Table 4).
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Figure 12. The maximum differential flux (∆F = FCBP −FESS ) and surface temperature (∆Ts = TCBP −TESS ) contrasts the four habitable zone CBPs and
one hypothetical case (Extreme CBP) with their equivalent single-star (ESS) counterparts as a function of the planetary obliquity. The third column illustrates
ratio γ, which equals the (max ∆F)/(max ∆Ts ), on a base-10 logarithmic scale. The physical meaning of γ is a measure of how much of a surface temperature
change (∆Ts ) results from an additional flux (∆F) from the CBP host stars.
MNRAS 000, 1–13 (2020)
Flux Variations on CBPs 25
Figure 13. The median surface temperature (Tmed ) experienced over an orbit by the habitable zone CBPs and one hypothetical case (Extreme CBP) compared
to their equivalent single-star (ESS) counterparts as a function of the planetary obliquity. Each row uses the same color scale located on the right. Note that the
CBPs are typically warmer than the ESS configuration and the gyration from the binary reduces the efficacy of the ice-albedo feedback at high (∼90◦) obliquities.
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Figure 14. This is the top of atmosphere flux received at all latitudes of Kepler-16b as a function of its orbit, accounting for eclipses. The time resolution plotted
is 0.1 Earth day.
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